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Doping — the intentional introduction of impurities into a
material—is fundamental to controlling the properties of bulk
semiconductors. This has stimulated similar efforts to dope
semiconductor nanocrystals1–4. Despite some successes5–11, many
of these efforts have failed, for reasons that remain unclear. For
example, Mn can be incorporated into nanocrystals of CdS and
ZnSe (refs 7–9), but not into CdSe (ref. 12)—despite comparable
bulk solubilities of near 50 per cent. These difficulties, which have
hindered development of new nanocrystalline materials13–15, are
often attributed to ‘self-purification’, an allegedly intrinsic mech-
anism whereby impurities are expelled. Here we show instead that
the underlying mechanism that controls doping is the initial
adsorption of impurities on the nanocrystal surface during
growth. We find that adsorption—and therefore doping effi-
ciency—is determined by three main factors: surface morphology,
nanocrystal shape, and surfactants in the growth solution. Calcu-
lated Mn adsorption energies and equilibrium shapes for several
nanocrystals lead to specific doping predictions. These are con-
firmed by measuring how the Mn concentration in ZnSe varies
with nanocrystal size and shape. Finally, we use our predictions to
incorporate Mn into previously undopable CdSe nanocrystals.
This success establishes that earlier difficulties with doping are not
intrinsic, and suggests that a variety of doped nanocrystals—for
applications from solar cells16 to spintronics17 — can be
anticipated.

When a macroscopic semiconductor crystal is grown under
conditions of thermal equilibrium, impurity atoms can be incorpor-
ated up to their solid solubility limit—as much as 50% or more for
Mn in II–VI semiconductors18. This thermodynamic limit is com-
pletely determined by the Gibbs free energy (approximately equal to
the impurity formation energy) and the growth temperature. For
semiconductor nanocrystals—which are typically grown using col-
loidal synthesis—the impurity concentrations attained in exper-
iments are much lower than expected from this limit7,8, and for
some materials are even zero12. The likely reason is that thermal
equilibrium, which requires facile diffusion, may be far from realized.
Indeed, at the temperatures used in colloidal growth, typically
around 300 8C, diffusion of Mn in II–VI semiconductors is negligible;
for example, the diffusion length of Mn in CdTe after 1 h at this
temperature is only 1–3 Å (ref. 19). This suggests that thermal
equilibrium is an inappropriate starting point for describing doping
in nanocrystals.

We propose instead a simple model of doping based on kinetics.
Specifically, we hypothesize that impurities are incorporated into a
nanocrystal only if they can bind to its surface for a residence time
comparable to the reciprocal growth rate. In this model, impurity
diffusion within the nanocrystal plays no role, even though diffusion
(of both impurities and host atoms) on the nanocrystal surface may
occur. To explore the consequences of the model, we make two
reasonable assumptions: first, that the nanocrystal surface consists of

well-defined facets (as observed experimentally20,21), and second, that
the binding energy of an impurity adsorbed on a given facet
determines its residence time. Figure 1 shows theoretical binding
energies, calculated using density-functional theory22,23 (see
Methods), for Mn adsorbed on the three most important facets of
six representative II–VI and IV–VI semiconductors. Of particular
interest are the binding energies on the (001) surfaces of crystals with
the zinc-blende structure. These energies are strikingly larger, by
factors of 2–10, than on the other two zinc-blende orientations, or on
any facet of crystals with the wurtzite or rock-salt structures. The
origin of this difference is the unique morphology of (001) surfaces of
zinc-blende (and diamond) crystals, which typically consists of
various arrangements of anion dimers. These dimers provide very
stable binding sites that are absent from the (110) and (111) surfaces
of zinc-blende crystals, and from all surfaces of wurtzite and rock-salt
crystals. The resulting strong binding indicates that the (001) facets
of zinc-blende nanocrystals play a special role in the doping process.

Indeed, a survey of the experimental literature reveals that all of the
nanocrystals that have been successfully doped with individual Mn
atoms (ZnS, ZnSe, CdS) exhibit the zinc-blende crystal structure5–9.
In contrast, those that have the wurtzite (CdSe) or rock-salt structure
(PbS, PbSe) have either not been successfully doped, or have required
polychalcogenide precursors to incorporate Mn in cluster form as a
prebonded Se–Mn complex (a technique beyond the scope of our
model)10,12,24. The correspondence between these earlier results and
our adsorption findings strongly suggests a new view of doping: that
individual Mn impurities are most easily incorporated in nanocrys-
tals with the zinc-blende crystal structure, by adsorbing on their
(001) facets.

To explore in detail the consequences of this view, we begin by
developing a model describing how doping efficiency varies over the
range of possible nanocrystal shapes. For nanocrystals having the
zinc-blende structure and more than one facet orientation, we
assume that only the regions bounded by (001) facets can be
doped. Hence, the dopable fraction, f, of the nanocrystal volume is
given by the relative surface area of its (001) facets. For nanocrystals
grown out of equilibrium, f can only be determined directly from
knowledge of the nanocrystal shape. However, for a nanocrystal that
assumes its equilibrium crystal shape, f can be determined analyti-
cally from the surface energies, E, of its possible facets. As Fig. 2
shows, (001) facets will be present (that is, f . 0) only if these
energies satisfy E110=E100 . 1=

p
2 and E111=E100 . 1=

p
3: The limit-

ing case of a nanocrystal consisting entirely of (001) facets (that is,
f ¼ 1) occurs when E110=E100 ¼

p
2 and E111=E100 ¼

p
3: For inter-

mediate surface-energy ratios, the stable facets and relative areas
shown in Fig. 2 were determined by finding the crystal shape that
minimizes the total surface energy within the constraint of fixed
volume.

To predict the value of f for a specific material, we must calculate
absolute surface energies for all the facet orientations considered. For
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a compound semiconductor, it is important to note that the surface
energy is not uniquely defined, but rather depends on the relative
concentration of its constituents through their chemical potentials.
This raises the interesting possibility of controlling the nanocrystal
shape—and thereby its doping efficiency—by varying these concen-
trations. For the example of ZnSe, by assuming specific surface
morphologies (for simplicity, we have used reconstructions based
on bulk crystal surfaces; see Methods) we can predict the allowed
range of expected equilibrium crystal shapes at zero temperature as
the chemical potentials are varied between the Zn-rich and Se-rich
limits. As shown in Fig. 2, the predicted range of f is between zero
(Zn-rich) and 0.3 (Se-rich). Of course, at finite temperatures, this
geometrical construction must be modified to account for thermal
rounding and related effects25, but in principle f can still be sensibly
defined.

To test these predictions experimentally, we prepared Mn-doped
ZnSe nanocrystals with diameters in the range 25–50 Å (ref. 8). After
initial nucleation at 310 8C, nanocrystal growth proceeded at tem-
peratures in the range 260–300 8C, using two different Mn:Zn ratios
in solution (atomic ratios, 0.05 and 0.025). For each, several different
Se:Zn ratios were used (in the range 0.5–4.0) to investigate how
doping efficiency varied with Se chemical potential.

In large nanocrystals, Mn incorporation can be measured directly,
using inductively coupled plasma atomic emission spectroscopy
(ICP). For nanocrystals of diameter 50 Å grown with Se:Zn ¼ 1,
we measured the concentrations of incorporated Mn to be 0.23% (for
Mn:Zn ¼ 0.025) and 0.45% (for Mn:Zn ¼ 0.05). This linear scaling
of Mn concentration in the nanocrystal with Mn:Zn ratio in solution
is consistent with an adsorption process characterized by a very high
sticking probability, in agreement with the large theoretical Mn
binding energies (4–6 eV) for zinc-blende (001) facets.

Both of these Mn:Zn ratios lead to the same doping efficiency,
f ¼ 0.09, well within the predicted range of allowed doping fraction
for ZnSe. For nanocrystals grown using enhanced anion/cation ratios
(Se:Zn ¼ 3–4) the measured Mn concentrations were indeed higher,
0.30% (for Mn:Zn ¼ 0.025) and 0.60% (for Mn:Zn ¼ 0.05), a
doping efficiency of f ¼ 0.12. We attribute this 30% increase in
doping efficiency to changes in the equilibrium crystal shape. In
other words, by increasing the Se:Zn ratio, the Se chemical potential
was raised, which in turn reduced the surface energy of the Se-rich
(001) facets, increasing their relative surface area.

In small nanocrystals, photoluminescence spectroscopy provides a
more sensitive probe of Mn impurity concentration than ICP.
Optically excited Mn-doped ZnSe nanocrystals exhibit two photo-
luminescence lines, as shown in Fig. 3a. One is due to an internal
Mn2þ transition, and the other from exciton recombination at the
ZnSe band edge. The average number of Mn atoms in the nanocrys-
tal, N, can be determined from the intensity ratio of these emission
lines, IMn/IZnSe, while the size of the nanocrystal can be determined
from the spectral shift (relative to bulk) of the ZnSe emission line.
Hence, we can obtain detailed information about the distribution of
Mn within the nanocrystals by analysing how IMn/IZnSe varies with N.

The intensity ratios in Fig. 3b demonstrate that Mn incorporation
rises monotonically with increasing Se:Zn ratio, as predicted, for a
wide range of nanocrystals. Interestingly, IMn/IZnSe falls rapidly to
zero for nanocrystals smaller than ,20 Å, suggesting a central core
that resists doping. This is not unexpected, since the assumption of a
faceted equilibrium shape must eventually break down for small
nanocrystals. Indeed, in this size regime many semiconductors form
non-crystalline cage-like clusters26,27, typically with highly stable
surfaces that suppress impurity adsorption. Accordingly, we model
the distribution of Mn in the nanocrystal as shown in Fig. 3c and d.

The theoretical binding energies of Fig. 1 also suggest that CdSe
nanocrystals (which normally have the wurtzite structure) would be
easier to dope if they could be grown in the zinc-blende structure. To
test this prediction, we grew core/shell nanocrystals in which a shell

Figure 1 | Theoretical binding energies for individual Mn
adsorbates on various semiconductor surfaces. The
crystal structure of these semiconductors is either zinc
blende (zb), wurtzite (w) or rock salt (rs); the most
commonly occurring structure in nanocrystal form is
underlined. Binding energies were calculated for
reconstructed surfaces (see Methods) of the three most
common crystallographic orientations; ‘A’ and ‘B’ denote
inequivalent terminations of surfaces having the same
orientation. For comparison, the binding energy per atom
of bulk crystalline Mn is shown by the dotted line.
Nanocrystals that have been successfully doped with
individual Mn are indicated by appropriate citations.

Figure 2 | Equilibrium crystal shape for cubic systems, as determinedby the
ratios of their surface energies. a, Phase diagram specifying which facets
are present in the equilibrium crystal shape. b, Relative surface area of (111),
(001) and (110) facets (red, green and blue shading, respectively) in the
equilibrium crystal shape. Contours of constant relative (001) facet area are
shown; this quantity gives the relative doping fraction, f, for nanocrystals
having the zinc-blende structure. Numbers on the right label the contours.
For ZnSe, calculated surface energies lead to the indicated range of
equilibrium crystal shapes; the extremal crystal shapes in the Se- and Zn-
rich limits are shown at right.
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of CdSe was deposited on a ZnSe core28, as shown in Fig. 4a. Because
ZnSe has the zinc-blende structure, the CdSe shell can be expected to
adopt this structure. Under certain growth conditions this indeed
occurs, as confirmed by the X-ray diffraction data in Fig. 4b. Using
these conditions, we grew CdSe shells on undoped ZnSe cores, using
a growth solution containing Mn, then used electron paramagnetic
resonance (EPR) to determine the location of the Mn (ref. 8). The
result, shown in Fig. 4c along with control spectra, shows a six-line
spectrum with a hyperfine splitting expected for Mn at lattice sites in
cubic CdSe (ref. 29), consistent with the prediction that Mn is more
easily incorporated into zinc-blende CdSe.

Finally, we address the role of surfactants in nanocrystal doping.
The Mn binding energies shown in Fig. 1 were calculated for clean
surfaces. These are relevant energies because during growth, the
surfactant molecules detach from the nanocrystal, allowing adsorp-
tion onto the clean surface underneath. But the surfactants them-
selves can also bind Mn, competing with surface adsorption and
quenching the doping. This may become important in cases where
the Mn–substrate binding is only moderately strong. For example,
the binding energy of Mn on the (0001) surface of wurtzite CdSe is
two times smaller than on ZnSe(001). This suggests that previous
failures to dope CdSe may have resulted not only from intrinsic

properties of CdSe, but also from parasitic binding of Mn by strong
surfactants (such as phosphonic acids30). It also raises the possibility
that the incorporation of Mn into previously undopable wurtzite
CdSe nanocrystals may be feasible, although this is likely to be more
difficult than in ZnSe.

To examine this possibility, we grew CdSe nanocrystals in the
presence of Mn (Mn:Cd ¼ 0.05) under the same surfactant con-
ditions used for ZnSe. According to X-ray diffraction (Fig. 4d) and
EPR (Fig. 4e) data, the resulting CdSe nanocrystals have the wurtzite
structure and exhibit a hyperfine splitting expected for Mn at
hexagonal lattice sites in CdSe (ref. 29). Although this clearly
indicates successful doping, ICP measurements also show that the
Mn incorporated was only 0.14%, three times less than under
identical conditions for ZnSe. We attribute this reduction to the
smaller Mn adsorption binding energy, a nanocrystal shape with less
adsorbing surface area, or both.

Although we have limited our discussion to II–VI and IV–VI
nanocrystals and Mn impurities, the most general formulation of our
model—that doping is controlled by impurity adsorption on the
nanocrystal surface—provides a framework appropriate for other
semiconductor families and impurities as well. For example, III–V

Figure 3 | Photoluminescence data and theoretical doping model for ZnSe
nanocrystals doped with Mn. a, Typical photoluminescence (PL) spectra
for three different nanocrystal sizes8. b, Dependence of intensity ratios on
nanocrystal size for different Se:Zn ratios. Symbols are experimental data;
curves are fits to our optical excitation model (see Methods in
Supplementary Information). c, Model describing radial distribution of Mn
incorporated in a nanocrystal: for diameter D , 20 Å (region I), no Mn is
incorporated; for D . 35 Å (region III), every site in the fraction f of the
nanocrystal volume is doped with probability x, taken equal to the Mn:Zn
ratio in the growth solution; for the transitional region 20 Å , D , 35 Å
(region II), a smooth interpolation is assumed. For the most favourable
doping conditions used, our largest nanocrystals contain on average 12 Mn
atoms. NC, nanocrystal. d, Cross-sectional view of a schematic nanocrystal,
with dopable regions shaded (for clarity, f ¼ 0.5 is used in this view).

Figure 4 | Mn doping of zinc-blende and wurtzite CdSe nanocrystals.
a, ZnSe/CdSe:Mn core/shell nanocrystals (red) and two control samples,
ZnSe:Mn/CdSe core/shell nanocrystals (blue), and ZnSe nanocrystals
heated in the presence of Mn (grey). The latter were grown to rule out the
possibility that Mn entered the ZnSe core during the CdSe shell growth. In
all three samples, the ZnSe core diameter was 36 Å. b, X-ray diffraction
pattern for ZnSe/CdSe:Mn core/shell nanocrystals. The expected peak
positions for zinc-blende CdSe are indicated. c, 35-GHz EPR spectra for the
three types of nanocrystals illustrated in a. The hyperfine splittings are
65.6 G (blue) and 65.9 G (red). Mn was not detected in the second control
sample (black). d, X-ray diffraction pattern for CdSe:Mn nanocrystals. The
expected peak positions for wurtzite CdSe are indicated. e, 24-GHz EPR
spectra for the wurtzite CdSe:Mn nanocrystals. The hyperfine splitting is
66.1 G.
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and group-IV nanocrystals may, because of their increased covalency,
exhibit a variety of surface morphologies quite different from their
bulk reconstructions. Nevertheless, those morphologies—if
known—can still provide detailed insight into doping. Indeed, for
any nanocrystal with well-defined facets, differential adsorption
offers a new route to the control of doping. In this way, recent
experimental advances in controlling the shape30 and crystal struc-
ture of nanocrystals may also become extremely important in
optimizing the efficiency with which the nanocrystals can be doped.

METHODS
Theoretical. Surface energies and Mn–adsorbate binding energies were calcu-
lated within density-functional theory in the generalized-gradient approxi-
mation23, using the projector-augmented-wave method as implemented in
VASP22. Surfaces were represented by eight-layer (or thicker) slabs with the
theoretical equilibrium lattice constant, reconstructed on one side and appro-
priately passivated on the other. Surface reconstructions from the literature were
used when available; otherwise, separate studies were performed to establish the
lowest-energy reconstruction from a pool of likely candidates (see discussion in
Supplementary Information). Full atomic relaxation was performed for all but
the bottom semiconductor layer, using 4 £ 4 sampling of the surface Brillouin
zone. For the (spin-polarized) adsorbate calculations, 2 £ 2 supercells were used
to represent isolated Mn adsorbates; within this cell, binding energies (using
2 £ 2 sampling) at different adsorption sites were compared and the largest value
reported. For surfaces that have more than one stable reconstruction within the
allowed range of chemical potential, Mn binding energies are reported for the
anion-rich reconstruction. Absolute surface energies for ZnSe(001) and (110)
were computed using symmetric slabs. For the inequivalent (111)A and B
orientations this is not possible, so we approximated the (111)A and B surface
energies by their average. (See the discussion in Supplementary Information for
details about the ZnSe reconstructions.) The Se- and Zn-rich limits of the
chemical potential were defined by the Se (A8) phase of Se and the hexagonal
close-packed phase of Zn, respectively.
Experimental. Mn-doped ZnSe nanocrystals were synthesized as previously
reported8. To change the ratio of Se to Zn in the reaction, the number of moles of
each was adjusted while constraining the total number of moles. The amount of
Mn added was relative to the Zn concentration. To obtain the largest nanocrys-
tals, additional precursors (in the same ratios) were sometimes added to avoid
saturation in the growth. CdSe shells were deposited on ZnSe cores by modifying
the procedure of ref. 28. First, ZnSe cores were prepared by injecting 4 ml of
trioctylphosphine (TOP), 1 ml of 1-M Se in TOP, and 82 ml of diethylzinc into
10 ml of distilled and degassed hexadecylamine (HDA) at 310 8C. (For Mn-
doped ZnSe cores, 1.0 ml of 0.04-M dimethylmanganese in a tetrahydrofuran/
toluene mixture8 was included in the injection.) The mixture was then heated at
260–300 8C until the first absorption peak was at 400 nm. To coat with CdSe, 3 ml
of this solution was combined with 6 ml of distilled and degassed HDA and
heated to 270 8C, followed by dropwise addition (over 30 min) of a mixture of
45 ml of dimethylcadmium, 2.4 ml of 1-M Se in TOP, and 4 ml of TOP. (For Mn-
doped CdSe shells, 0.75 ml of 0.04-M dimethylmanganese was included in the
addition. For the second control sample, the addition included only 0.75 ml of
0.04-M dimethylmanganese and 2 ml of TOP.) Afterwards, the solution was
stirred at 150 8C for 24 h. Mn-doped CdSe nanocrystals were obtained by
injecting 4 ml of TOP, 0.8 ml of 1-M Se in TOP, 60 ml of dimethylcadmium,
and 1.0 ml of freshly prepared 0.04-M dimethylmanganese into 12 ml of distilled
and degassed HDA at 300 8C. The mixture was then heated at 270 8C until the
first absorption peak reached 600 nm. Owing to the weak binding of HDA, the
CdSe nanocrystals easily formed aggregates.

Before characterization with ICP and EPR, all samples were precipitated and
repeatedly washed with pyridine8,12 to remove excess Mn at the particle surface,
as confirmed by EPR. ICP was performed on a Perkin-Elmer Optima 3000DV
after dissolving the nanocrystals in aqua regia. Photoluminescence was collected
with a Spex Fluorolog-2 spectrofluorometer. X-ray diffraction was measured
with a Panalytics X’Pert diffractometer using Cu K radiation at 45 kVand 40 mA
after the nanocrystals had been precipitated three times with methanol,
dispersed in 10% octane in hexane, and then spin-coated onto silicon wafers.
For EPR, the nanocrystals were cast in poly(lauryl methacrylate) films or
collected as a powder. Room temperature spectra were measured at 35 and
24 GHz.
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